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Abstract. This study was conducted to determine the inheritance of anthocyanin produc-
tion and of malate dehydrogenase banding patterns in Agastache rugosa. Results of the 
study support the hypothesis that anthocyanin production is controlled by a single 
dominant gene, designated as A, for anthocyanin production. The Mdh-3 banding patterns 
are controlled by two alleles, each of which associated with a two-banded phenotype. A 
monomeric quaternary structure of MDH, which is rather atypical among plant species, 
can be inferred from the results. No linkage was found between the loci governing 
anthocyanin production and Mdh-3 banding patterns. This is the first report of heritable 
variability in A. rugosa. 
Agastache rugosa is native to Asia, where 
it has been used for culinary and medicinal 
purposes (ltokawa et al., 1981). Agastache is 
a candidate for large-scale, domestic cultiva-
tion as a source of nectar for honey bees (Ayers 
and Widrlechner, 1994), and as an aromatic 
plant containing essential oils, such as 
methylchavicol and linalool, which are impor-
tant to the flavoring and perfume industries 
(Charles et al., 1991; Mazza and Kiehn, 1992; 
Nykanen et al., 1989; Svoboda et al., 1995; 
Wilson et al., 1992). 
Agastache rugosa is an autogamous spe-
cies evidently with little genetic diversity 
(Charles et al., 1991; Vogelmann, 1985; 
Vogelmann and Gastony, 1987; Wilson et al., 
1992). Fujita and Fujita (1973) have, however, 
reported significant variation in the composi-
tion of the essential oils of a novel, high 
methyleugenol variant of this species. Fuentes-
Granados and Widrlechner (1995) observed 
variability in the malate dehydrogenase (M dh-
3) locus [genie nomenclature following 
Fuentes-Granados (1993)], and in anthocya-
nin production (purple-flowered wild type vs. 
white-flowered variant) in a single accession 
of A. rugosa. In that study, the genetic control 
for these phenotypes was not elucidated. There-
fore, a study was designed to determine the 
inheritance of variation at Mdh-3 and the ge-
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netic control of anthocyanin production in A. 
rugosa. 
Materials and Methods 
Forty plants of A . rugosa (Pl-593730) were 
grown from seeds obtained from the U.S. 
Dept. of Agriculture/ Agricultural Research 
Service North Central Regional Plant Intro-
duction Station (NCRPIS), Ames, Iowa. The 
NCRPIS received this sample from the Api-
culture Dept. of the Institute of Fruit Growing 
andFloricultureinPutawy, Poland. Controlled 
reciprocal crosses were made between two 
plants of PI-593730 with the following pheno-
types: one with purple corollas (anthocyanin 
production) and four isozyme bands for Mdh-
3 and the other with white corollas (lack of 
anthocyanins) and two isozyme bands for Mdh-
3. Selected F1 plants were self-pollinated to 
obtain F2 families. 
About 1 cm2 of leaf tissue was removed 
from the youngest leaves of each seedling and 
held at 2 to 4 °C until experimentation. Leaf 
tissue (20 mg) was placed in an Eppendorf 
tube with 100 µL of the extraction buffer 
consisting of Tris-HCI (pH = 8) at 0.1 
mol · L -1, dithiothreitol at 0.02 mol-L-1, 0.2% 
(v/v) 2-mercaptoethanol, and 20% (m/v) poly-
vinylpyrrolidone (Fuentes-Granados and 
Widrlechner, 1995). Samples were immersed 
in an ice bath, ground for 1 min with an electric 
grinder (model 4555-30; Cole Parmer, Chi-
cago), microcentrifuged at 5 °C for 90 s, and 
stored in a freezer at -80 °C for 24 h. 
The preparation, electrophoresis, and stain-
ing of starch gels for analysis ofMDH isozymes 
were conducted according to Stuber et al. 
(1988). Potato starch(64 g; Sigma, Saint Louis) 
and 15 g of sucrose were mixed in a Erlen-
meyer flask and dissolved in 500 mL of gel 
buffer D (histidine/citric acid, pH 6.5). The gel 
buffer is a 3:1 dilution of water to electrode 
buffer (mol·L-1 ;0.65 histidine/0.007 citric acid, 
pH 6.5). 
To score. the variants of this enzyme sys-
tem, Mdh-1 was used to designate the locus 
coding the mostanodal isozyme (Re= 1), Mdh-
2 the locus coding the second most anodal 
isozyme (Re= 0.75), Mdh-3 the locus coding 
the third most anodal isozymes (Re= 0.63 and 
0.69 for the two bands of the Mdh-3( 1) allele 
and Rr = 0.49 and 0.56 for the bands of the 
Mdh-3(2) allele), andMdh-4 the locus coding 
the slowest migrating isozyme (Rr = 0.31). 
With the exception of Mdh-3, all the other loci 
evaluated in A . rugosa were monomorphic 
(Fuentes-Granados and Widrlechner, 1995). 
In the present study, Mdh-1 and Mdh-2 are 
known to code for dimeric proteins based on 
the banding patterns of interspecificAgastache 
hybrids (Fuentes-Granados and Widrlechner, 
1995). Putative alleles Mdh-3( I) and Mdh-
3(2) were identified, scored, and photographed. 
Results and Discussion 
The F1 progeny of the original crosses 
comprised 38 individuals, 23 having two bands 
for Mdh-3 and 15 having four bands. The 
observed phenotypes did not deviate signifi-
cantly from a 1: 1 expected ratio for F1 progeny 
resulting from a cross between a heterozygote 
and a homozygote (Yates-corrected X2 = 1.29 
with 1 df). In the F1 generation, 21 plants 
produced no anthocyanin and 17 were pig-
mented. The segregation for pigmentation did 
not deviate significant! y from the expected 1: 1 
ratio (Yates-corrected X' = 0.11 with 1 df). 
Evaluation of an F, population derived by 
selfing three pigmented plants each with four 
bands resulted in 47 pigmented plants and 11 
plants lacking anthocyanin. Color intensities 
were similar among the 47 pigmented plants. 
A chi-square test for fit to a 3: l segregation of 
a dominant single allele for anthocyanin pro-
duction indicated that this trait is controlled by 
a single dominant gene, which we designate as 
A, for anthocyanin production (Yates-corrected 
x' = 0.83 with 1 df). 
In the same F2 population, the phenotypic 
ratio was 12 plants with two fast bands : 33 
plants with four bands : 13 plants with two 
slow bands for the Mdh-3 locus. Their pheno-
types fit a 1 :2: l ratio expected for a banding 
pattern controlled by a single codominant gene 
(Yates-corrected X2 = 0.77 with 2 df). Thus, 
banding patterns at Mdh-3 are controlled by 
two alleles, each associated with a two-banded 
phenotype. Tests for independence between 
anthocyanin production and Mdh-3 banding 
patterns indicated that they are not linked 
(Yates-corrected X2 = 0.28 with 3 df and X2 = 
0.27 with 5 df for the F1 and F2 generations, 
respectively). This is the first report of poly-
morphism for genes encoding isozymes in A. 
rugosa. 
Selfing of putatively heterozygous indi-
viduals resulted in progeny with two fast mi-
grating bands or two slow migrating bands 
(homozygous for each allele), or four-banded 
phenotypes (heterozygous) (Fig. 1). Bands 
resulting from intralocus heteromers were 
absent in heterozygous individuals. This ab-
sence would be consistent with a monomeric 
quaternary structure of the isozymes encoded 
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Fig. I. (A) Schematic drawing of the MDH banding patterns observed in A. rugosa. Each allele Mdh-3(1) 
and Mdh-3(2) encodes the production of two bands. The most cathodal zygomorph of each pattern is 
coded for by a putative Mdh-4 locus. (B) Photograph of MOH banding patterns observed in A. rugosa. 
Lanes I and 2 show the homozygous pattern of Mdh-3( 1I1 ). Lanes 3 to 8 show the heterozygous pattern 
of Mdh-3(112) and lanes 9 and 10 show the pattern of Mdh-3(212). All lanes exhibit the invariant band 
encoded by Mdh-4. A faint, more cathodic, third band in lanes I , 2, 9, and I 0 was often, but not 
consistently, expressed in some phenotypes. Post-translational modificationsof peptidyl amino acids by 
processes such as acetylation, hydroxylation, methylation, and phosphorylation may generate both two-
banded phenotypes and additional faint bands (Beevers, 1982). 
by Mdh-3. This quaternary structure differs 
from the dimeric quaternary structures of the 
isozymes encoded by Mdh-1 and Mdh-2 of 
Agastache described by Fuentes-Granados and 
Widrlechner (1995). Having genes encoding 
monomeric and dimeric isozymes, although 
rare, is not unique to A. rugosa. In maize (Zea 
mays L.), acid phosphatase (E.C. 3.1.3.2) and 
diaphorase (E.C. 1.6.4.3) have been described 
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as being governed by genes encoding mono-
meric and dimeric isozymes (Goodman and 
Stuber, 1983; Wendel et al., 1987). Another 
notable feature of Mdh-3 is the two-banded 
phenotype associated with each of the two 
alleles detected in this population. Similar 
enzyme systems, having two bands associated 
with a single allele, have been reported for 
shikimatedehydrogenase (Wendel et al., 1987). 
Because the inheritance of anthocyanin 
production is controlled by a single gene, 
development of a population of A. rugosa 
fixed for white flowers is possible. This vari-
ant is quite attractive and could be used for cut 
flowers or annual display plantings. 
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